the pyramidal neurons of the CA1 area by using relatively gentle methods of fixation (Wendland et al., 1994) . Endo-*Howard Hughes Medical Institute and Center for Neurobiology and Behavior thelial NOS (eNOS) has also now been found to be expressed in the brains of wild-type animals and to be College of Physicians and Surgeons of Columbia University present in the pyramidal cells of the CA1 region (Dinerman et al., 1994; forms of NOS, we tested LTP in mice in which nNOS, eNOS, and both nNOS and eNOS were genetically disrupted (Huang et al., 1993. Summary Nitric oxide (NO) has been implicated in hippocampal Results long-term potentiation (LTP), but LTP is normal in mice with a targeted mutation in the neuronal form of NO Despite the evidence from peripheral tissues, there is synthase (nNOS Ϫ ). LTP was also normal in mice with still uncertainty about the specificity of NOS inhibitors. a targeted mutation in endothelial NOS (eNOS Ϫ ), but
Introduction
We have obtained similar results: when matched for stimulus strength, we obtained comparable LTP with Although the induction of long-term potentiation (LTP) in the CA1 region of hippocampus requires events in the both inputs, but an inhibitor of NOS only blocked the input onto the apical dendrites (stratum radiatum) and postsynaptic neuron, the expression of LTP is thought to involve, in part, a presynaptic increase in transmitter did not affect the input to the basal dendrites (stratum oriens) (Figure 1 ). These results suggest that the inhibitor release, suggesting that the postsynaptic neurons release a retrograde messenger that acts on the presynapis specific and support the idea that NOS is involved in LTP. However, the results do not indicate which isoform tic terminals (Bliss and Collingridge, 1993; Hawkins et al., 1993) . One possible candidate for such a retrograde is involved. To address that issue, we examined LTP in mice with targeted mutations of nNOS, eNOS, or both. messenger for LTP is nitric oxide (NO) (Bohme et al., 1991; O'Dell et al., 1991; Schuman and Madison, 1991;  We first replicated the experiments of on the role of nNOS in LTP in the stratum radiatum Haley et al., 1992) . The involvement of NO in LTP, however, has been controversial. NO synthase (NOS) inhibiof CA1. We used relatively weak intensity stimuli (25% of maximum excitatory postsynaptic potentials [EPSPs]) tors have been reported to block LTP under some experimental conditions but not under others (Gribkoff and to increase the contribution of NO .
In agreement with , we found that LTP Lum-Ragan, 1992; Chetkovich et al., 1993; Haley et al., 1993; Lum-Ragan and Gribkoff, 1993; in slices from the nNOS Ϫ mice was not significantly different from that seen in wild-type controls (Figure 1993; Bannerman et al., 1994; Cummings et al., 1994; Boulton et al., 1995; Doyle et al., 2A) . In slices from wild-type animals, the EPSPs were potentiated to 204 Ϯ 12% of pretetanus control levels 1996). Moreover, LTP is normal in mice with a targeted mutation of neuronal NOS (nNOS Ϫ ), suggesting that an-1 hr after the tetanus (n ϭ 6 animals, 6 slices), and in slices from nNOS Ϫ mice, the EPSPs were 208 Ϯ 12% other isoform of NOS may be responsible for generating NO during the induction of LTP .
of the pretetanus level (n ϭ 6 animals, 6 slices). We next used the NOS inhibitor, N -Nitro-L-arginine (NOArg) to Another area of controversy has been whether pyramidal neurons of CA1 contain NOS. nNOS was originally test if the potentiation is NOS dependent. In agreement In wild-type animals, NOArg reduces LTP only in stratum radiatum but not in stratum oriens.
with , LTP was significantly reduced experiments suggest (1) that there is a NOS-dependent component of LTP that is blocked by either NOArg or the by NOArg in wild-type and nNOS Ϫ mice (Figures 2B, 3A1, and 3B). In the presence of NOArg, LTP was 129 Ϯ double mutation; (2) that the neuronal and endothelialspecific isoforms of NOS are involved in LTP; (3) that 11% of pretetanus control level in nNOS Ϫ animals (n ϭ 6 animals, 6 slices; t[5] ϭ 5.93; p < 0.01 versus each isoform of NOS can compensate for the other in the singly mutant mice; and (4) that there is also a NOSnormal artifical cerebral spinal fluid). This result suggests that an isoform of NOS other than nNOS might independent component of LTP.
To confirm the functional effectiveness of the mutacontribute to LTP.
We therefore next examined LTP in eNOS Ϫ mice, tions, we measured NOS activity in homogenates of total hippocampal tissue from the different mutant strains. which have not previously been tested. LTP was basically normal in these mice as well, although there was NOS activity in nNOS Ϫ mice was 1.7 Ϯ 0.2% (n ϭ 8) of that in wild type, indicating that nNOS accounts for most a nonsignificant tendency for slightly less potentiation ( Figure 2C ). The EPSPs in eNOS Ϫ animals were 199 Ϯ but not all of total NOS activity in hippocampus. NOS activity in eNOS Ϫ animals was 131 Ϯ 27% (n ϭ 8) of 7% of pretetanus level 1 hr after tetanus (n ϭ 6 animals, 8 slices), and EPSPs in matched wild-type animals were that in wild type, suggesting that there may be a compensatory increase in nNOS in the eNOS Ϫ mice. In the 217 Ϯ 16% of pretetanus level (n ϭ 6 animals, 7 slices). LTP again was also significantly reduced by NOArg in doubly mutant animals, NOS activity was 0.6 Ϯ 0.1% of wild type (n ϭ 6), which is significantly less than in the eNOS Ϫ animals ( Figure 2D ). LTP in the presence of NOArg was 129 Ϯ 7% of pretetanus control level (n ϭ the nNOS Ϫ animals (t[12] ϭ 5.82; p < 0.01). This result indicates that there is nNOS and eNOS activity in hippo-6 animals, 9 slices; t[5] ϭ 6.683; p < 0.01 versus normal artifical cerebral spinal fluid). There was also some LTP campus. NOS activity in the doubly mutant animals was also statistically significantly greater than zero, sugremaining in the presence of NOArg in wild-type and mutant animals ( Figures 2B and 2D) .
gesting that there could be another isoform of NOS (perhaps an alternatively spliced form of nNOS; BrenUnlike LTP in mice with a single mutation, LTP in mice that were doubly mutant for nNOS and eNOS was man et al., 1996) in hippocampus. However, the residual NOS activity in the doubly mutant animals was so low significantly reduced (150 Ϯ 5% of pretetanus control; n ϭ 12 animals, 22 slices) compared to that in wild-type that it may not be meaningfully different from background. mice (204 Ϯ 8%; n ϭ 12 animals, 18 slices; t[22] ϭ 4.43; p < 0.01) ( Figures 2E, 3A2 , and 3B). The reduction of LTP A deficiency in LTP in the doubly mutant animals could be due to lack of NOS or to some nonspecific effect of in doubly mutant mice was quantitatively similar to the reduction of LTP by NOArg in wild-type mice (Figures the mutation. We therefore examined other aspects of synaptic transmission in these mice. The maximal ampli-3A1, 3A2, and 3B). Moreover, LTP in doubly mutant mice was not further reduced by NOArg ( Figures 2F, 3A3 , and tude of field EPSPs was comparable to that seen in slices from wild-type animals ( Figure 4A ). Similarly, 3B). In these mice, the amount of LTP in the presence of NOArg was 147 Ϯ 5% of pretetanus control level paired-pulse facilitation, a presynaptic form of synaptic plasticity, was normal in doubly mutant mice ( Figure 4B ). (n ϭ 6 animals, 6 slices), which is similar to the LTP in the absence of NOArg (Figures 2E, 3A 3 , and 3B). These Long-term depression (LTD) was also basically normal in doubly mutant mice, although there was a nonsignificant results further support the specificity of NOArg and suggest that additional isoforms of NOS are not significantly tendency for slightly less depression (wild type: 58 Ϯ 11% of baseline 30 min after low frequency stimulation; involved in LTP. Taken together, the results of these Average potentiation of the EPSP by tetanus (twice at 100 Hz for 1 s separated by 20 s at time zero) in nNOS Ϫ (A and B), eNOS Ϫ (C and D), and doubly mutant (E and F) mice and in matched wild-type mice. In (B), (D), and (F), NOArg (100 M) was applied for 1-3 hr before tetanic stimulation and was present throughout. Insets, representative records of the field EPSP before and 60 min after tetanus in slices from nNOS Ϫ , eNOS Ϫ , and doubly mutant mice. Scale bars are 2 mV and 5 ms.
n ϭ 5 animals, 5 slices; doubly mutant: 76.3 Ϯ 9% of synaptic density in the hippocampus, suggesting that there were no gross developmental abnormalities in the baseline; n ϭ 5 animals, 5 slices; not significantly different) ( Figure 4C ). These results suggest that the defimutant animals ( Figure 5 ).
As an additional type of control, we examined stratum ciency in the doubly mutant animals was relatively specific and also that paired-pulse facilitation and LTD do oriens LTP. Oriens LTP was normal in nNOS Ϫ , eNOS Ϫ , and doubly mutant mice ( Figure 6 ). In slices from wildnot require NOS. We also examined the brains of the doubly mutant mice histologically. Brain sections type animals, the EPSPs were potentiated to 211 Ϯ 9% of pretetanus control levels 1 hr after the tetanus (Figure stained with cresyl violet or antibodies to MAP2 or synaptophysin showed no detectable anatomical differ-6A; n ϭ 6 animals, 7 slices). In slices from nNOS Ϫ mice, the EPSPs were 210 Ϯ 13% of pretetanus control (Figure ences between wild-type and doubly mutant animals in the overall arrangement of cells, dendritic layers, or 6A; n ϭ 6 animals, 6 slices); in slices from eNOS Ϫ mice, Using a combined genetic and physiological approach, doubly mutant mice was also normal compared to wildwe have been able to shed some new light on the role type mice ( Figure 6E ; wild-type: 214 Ϯ 14%; n ϭ 6 animals, 6 slices; doubly mutant: 208 Ϯ 7.6%; n ϭ 6 animals, of NOS in LTP in the stratum radiatum of CA1. First, our results with targeted mutations of nNOS and eNOS 6 slices). In contrast to LTP in stratum radiatum, stratum oriens LTP was not affected by NOArg in any of the support the idea that NOS is involved in LTP and provide some insights into why previous results with inhibitors animals ( Figure 6B-6F) . The amount of LTP in the presence of NOArg in nNOS Ϫ mice was 208 Ϯ 13% of pretetaof NOS have been variable (Bohme et al., 1991; O'Dell et al., 1991 Schuman and Madison, 1991 ; Gribkoff nus control level (n ϭ 6 animals, 6 slices) ( Figure 6B) ; in eNOS Ϫ animals, it was 177 Ϯ 21% (n ϭ 6 animals, 6 and Lum-Ragan, 1992; Haley et al., 1992 Haley et al., , 1993 Chetkovich et al., 1993; Lum-Ragan and Gribkoff, 1993 ; Williams slices) ( Figure 6D ). LTP was also not reduced by NOArg in doubly mutant mice (200 Ϯ 11% of pretetanus control et al., 1993; Bannerman et al., 1994; Cummings et al., 1994; Boulton et al., 1995; Doyle et al., 1996) . One possilevel; n ϭ 6 animals, 6 slices) or wild-type mice (207 Ϯ 13%; n ϭ 6 animals, 6 slices) ( Figure 6F ). Like LTP in bility is that the inhibitors are nonspecific. However, the facts that (i) the reduction of stratum radiatum LTP in stratum radiatum, LTP in stratum oriens is blocked by the NMDA receptor blocker APV (data not shown), sugdoubly mutant mice was quantitatively similar to the reduction of LTP by NOArg in wild-type mice, (ii) stratum gesting that the doubly mutant animals have normal NMDA receptor function and the other biochemical maradiatum LTP in doubly mutant mice was not further reduced by NOArg, and (iii) stratum oriens LTP was not chinery necessary for NMDA receptor-dependent LTP. These results therefore support the idea that the rereduced by the double mutation or NOArg suggest that NOArg is a relatively specific inhibitor. Another possibilduced LTP in stratum radiatum of the doubly mutant animals is due to selective consequences of the deletion ity is that NOS is involved in LTP but is not absolutely required for LTP so that its contribution depends on of NOS genes and not due to global physiological disruptions.
the experimental circumstances. For example, several due to another retrograde messenger, such as carbon monoxide (Stevens and Wang, 1993; Zhuo et al., 1993) , arachidonic acid (Williams et al., 1989) , or platelet-activating factor (Arai and Lynch, 1992; Clark et al., 1992; Wieraszko et al., 1993; Kato et al., 1994) , or it could be due to purely postsynaptic mechanisms (Isaac et al., 1995; Liao et al., 1995) . Second, although previous pharmacological experiments with NOS inhibitors have suggested that NOS is involved in LTP, these experiments did not specify which isoform of NOS might be involved. Our results suggest that nNOS and eNOS are involved in LTP because LTP is basically normal in mice with a single mutation but is significantly reduced in the doubly mutant animals. This result at first seems difficult to reconcile with the fact that 98% of NOS activity in hippocampus appears to be nNOS activity, and <2% is eNOS activity. However, this gross biochemical determination in the whole hippocampus may not reflect the functionally important cellular and subcellular location. Indeed, nNOS immunostaining is most intense in interneurons and is much less intense in pyramidal cells, which are presumably the relevant cells for LTP (Bredt et al., 1991; Wendland et al., 1994) . By conrast, eNOS immunostaining is heaviest in pyramidal cells (Dinerman et al., 1994; . Moreover, eNOS is membrane associated and therefore might be more strategically located in dendritic spines (Fö rstermann et al., 1991) . These considerations make it seem plausible that a relatively low level of eNOS activity might be sufficient to sustain normal LTP. However, LTP is basically normal in the eNOS Ϫ animals, suggesting that a low level of nNOS in pyramidal cells is also sufficient to sustain LTP. Only when both isoforms are mutated is LTP significantly reduced. One possibility is that eNOS is usually more important but that nNOS can compensate in the eNOS Ϫ animals. Consistent with that possibility: (1) eNOS immunostaining is restricted to the apical dendrites of the CA1 pyramidal cells, where LTP is NOS dependent (Wendland et al., 1994) ; (2) there is a tendency for LTP to be slightly reduced in the eNOS Ϫ animals; and (3) there is a ten- ity. In addition, Kantor et al. (1996) have recently found and Zorumski (1993) have reported that NOS inhibitors blocked hippocampal LTD, whereas Cummings et al. (1994) reported that LTD was not blocked by NOS inhibistudies have shown that NOS inhibitors are more effectors. Our results suggest that, like LTP, LTD may be tive with relatively weak tetanic stimulation (Chetkovich partially reduced in the doubly mutant animals (Figure et al., 1993; Haley et al., 1993; . Our 4C), although this effect is not significant. Such partial results show that NOArg and the double NOS mutation involvement might explain the controversial pharmacoproduce a significant reduction in LTP but also leave a logical results for LTD similarly to LTP. significant amount of residual LTP. These results thus Finally, our genetic approach has shown that LTP in clearly illustrate that there are NOS-dependent and stratum oriens of CA1 appears to be completely NOS -independent components of LTP in the stratum radiatum of CA1. The NOS-independent component could be independent. These results thus indicate that there may for both the nNOS and eNOS genes were selected for study. Thus, be two mechanisms for CA1 LTP, one on apical denin most cases (18 out of 24), the wild-type control animals were drites that is NOS dependent and one on basilar denlittermates of mutant animals. In the other cases (6/24), commercially drites that is NOS independent. The apical and basilar available wild-type animals (SV129 or C57BL/6) were used; results dendrites of the CA1 pyramidal cells receive input from were similar with the different types of control animals. The numthe CA3 neurons of the same and the opposite hemiber of doubly mutant mice that were born was slightly less than expected by Mendelian genetics, but they had no obvious abnorsphere through the commissural and Schaffer collateral malities and were fertile, in some cases giving birth to litters of pathways. In fact, recent data make it seem likely that 8-10 pups.
an individual CA3 cell sends two different axons to these different parts of the same CA1 pyramidal cell (Ishizuka Electrophysiology et al., 1990) . Our results therefore suggest that different Electrophysiological studies were conducted on male and female branches of the same CA3 cell may utilize different animals about 3 months of age. Slices of mouse hippocampus (400 mechanisms of LTP (Kaibara and Leung, 1993; M thick) were prepared as described previously (Grant et al., 1992) al. Ouardouz and Lacaille, 1995) . Because LTP in and maintained at 29ЊC in an interface chamber. The recording chamber was perfused with artificial cerebrospinal fluid containing stratum oriens is NMDA dependent and NOS indepen-124 mM NaCl, 4.4 mM KCl, 25 mM NaHCO3, 1.0 mM Na2HPO4, 2.0 dent, it is distinct from LTP in the stratum radiatum mM CaCl2, 2.0 mM MgSO4, and 10 mM glucose. Slices were allowed (which is at least partially NOS dependent) and the to recover for at least 1.5 hr before electrophysiological recording.
mossy fiber pathway (which is NMDA independent; Za- 
Experimental Procedures
Assay of NOS Catalytic Activity NOS catalytic activity was assayed by measuring the Ca 2ϩ -depenAnimals nNOS mutant mice (Huang et al., 1993) were mated to produce doubly heterozygous mutant mice. The doubly heterozygous mutant mice were then HEPES (pH 7.4), 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, and protease inhibitors. Protein concentration was adjusted with the BioRad promated with each other, and the genotypes of their offspring were determined for the nNOS and eNOS genes by Southern blotting. tein assay to 5 mg/ml. Fifty microgram aliquots were incubated for 15 min at 25ЊC in a final volume of 100 ml containing 50 mM HEPES Animals that were doubly mutant and animals that were wild type Average potentiation of the EPSP by tetanus in nNOS Ϫ (A and B), eNOS Ϫ (C and D), and doubly mutant (E and F) mice and in matched wildtype mice. In (B), (D), and (F), NOArg (100 M) was present throughout the experiment. Inset, representative records of the field EPSP before and 60 min after tetanus in slices from nNOS Ϫ , eNOS Ϫ , and doubly mutant mice. Scale bars are 2 mV and 5 ms.
(pH 7.4), 1 mM NADPH, 1 mM CaCl 2, 10 g/ml CaM, 4 M FAD, 4 (16 m thick) of the hippocampus were cut on a cryostat and fixed in 4% paraformaldehyde. For Nissl staining, sections were dehydrated, M FMN, 50 M BH 4, 1 mM DTT, and 250 nM of [ 3 H]arginine (Amersham). The reaction was terminated by addition of 0.5 ml of 20 mM rehydrated, stained in cresyl violet, dehydrated, rinsed in Histoclear (National Diagnostics), and mounted in Permount (Sigma). For im-HEPES (pH 5.5) and 5 mM EDTA, stored on ice, and the solution was applied to 3 ml columns of the ion exchange material Dowex munocytochemistry, sections were permeabilized for 5 min in 0.1% Triton X-100, quenched in 50 mM ammonium chloride, blocked in 50X8-200. 10% goat serum, and incubated overnight at 4ЊC with either monoclonal antibody HM2 against MAP2 (Sigma, diluted 1:100 in 10% goat serum) or against synaptophysin (Boehringer Mannheim, diHistologic Analysis and Immunohistochemical Staining After cervical dislocation and decapitation, the brains of wild-type luted 1:100 in 10% goat serum). After washing with phosphatebuffered saline (PBS), the sections were incubated in Cy2 goat antiand mutant mice were quickly dissected and frozen in OCT. Sections
